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Abstract

Water extract from rhamnus berries (Rhamnus catharticus) is the base of Stil de grain lake (also called Buckthorn lake), an
ancient dye used in textiles and in paintings. In this work, the main colored component of the lake was separated and its chemical
structure determined by advanced NMR techniques. The results show that quercitrin, a glucoside derivative of quercetine
(3,5,7,3" 4’ -pentahydroxy-flavone) is the principal colored form. This result does not agree with previous literature assignments. In
this work a characterization of quercitrin in methanol and in water as a function of pH was carried out by absorption and emission

UV—visible spectroscopy.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Stil de grain lake; Ancient dye; Luminescence properties; NMR advanced techniques

1. Introduction

From the 14th to 19th centuries, lake pigments were
essential constituents of the artist’s palette [1]. These
translucent pigments were obtained by precipitating or
adsorbing an organic dye onto an inert inorganic
substrate. Stil de Grain, also called Rhamno lake
or Spincervino lake or Buckthorn lake, is one of these
lakes; the gold-yellow dye which constitutes this lake is
obtained by extraction with hot water from the berries of
Rhamnus catharticus, a wild plant diffused in the northern
hemisphere, in Brazil and southern Africa. Rhamnus dye
is known since ancient time and was largely used, as
a lake, from middle age to XIXth century for dying
textiles. Other artistic techniques like miniature, tempera
and oil employed this lake during the same period [2].
The main colorant present in the water extract from
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rhamnus berries is reported to be a glycoside derivative
of rhamnetin (3,5,3',4’ -tetrahydroxy-7-methoxy-flavone)
[2—-5].

Identification of materials, principally organic, used in
artworks by non-destructive techniques is not an easily
achievable goal and many researchers involved in the
restoration and conservation fields have been investigat-
ing the suitability of almost all the known spectroscopic
techniques. Absorption and emission UV—visible spec-
troscopy has been suggested as a method for identifying
organic dyes [6,7], pigments and binders [8] used in paint.
Knowledge of the chemical composition of materials
constituting an artistic object is essential in order to
understand the mechanism of degradation: studying the
medium acidity effects on the photophysical properties of
dyes is a way for understanding chromatic modifications
[9] and photo-aging processes [10].

In this work, the main component of the water
extract from rhamnus berries was isolated by HPLC and
identified by NMR as quercitrin (2-O-quercetil-5-O-f-
pyranosyl-L-rhamnoside) [11], a glucoside derivative of
quercetine (3,5,7,3',4'-pentahydroxy-flavone), different
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from that assigned in the literature. Absorption and
luminescence properties of this compound in methanol
and in water, as a function of pH, were also investigated.

2. Materials and methods

Rhamno berries were purchased from Kremer
(Farbmiihle, Germany). Methanol for spectroscopic
investigations was a Fluka spectrograde product used
without further purification. To determine the pK
values, Britton buffers prepared with re-distilled water
were used in the 2—12 pH range. For chromatographic
separation methanol and water BDH, HPLC solvents,
and tri-fluoro acetic acid (TFA) Aldrich were used.
Waters 600 HPLC Chromatograph with Waters 996
Photodiode Array detector and Waters Xterra MS Cig
5 um analytic and semi-preparative columns were used
for chromatographic separation. In both analytical and
preparative HPLC, gradient elution was used. For
analytical purposes the ratio of ethanol/water (0.1%
TFA) was 10/90 v/v during the first 10 min and then
varied with a linear gradient up to 100/0 in 60 min.
In the preparative method, the methanol/water (0.1%
TFA) ratio was 18/82 v/v for the first 3 min and then
varied up to 100/0 in 35 min.

Absorption spectra in solution were recorded with
a Perkin Elmer Lambda 800 spectrophotometer. Cor-
rected emission spectra were obtained using a Spex
fluorolog-2 FL 112 spectrofluorimeter controlled by
Spex Datamax spectroscopy software. The emission
quantum yield was obtained by comparing corrected
areas of the sample and the standard (quinine sulfate in
1 N H,SO4, @51 = 0.546) [12] emission, using Eq. (1)
which accounts for the differences in absorbance and
refraction index of the sample (A4g, 1s) and the standard
(AsT, ngt) solutions.

2
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Pr= P, STAATAS AT
FosT As X areast X ni;

(1)

The emission lifetime (7g) was determined by using
the Pockels cell of the Spex spectrofluorimeter accessory
based on the phase-shift method (time resolution: 30 ps).
The light scattered by an aqueous glycogen solution
(undetectable fluorescence) was used as a standard. The
accuracy of the data obtained depended on the emission
intensity.

Low ionic strength Britton buffers (u = 0.01
moldm %) were used to determine the pK values.
The pH values were measured with an Orion 9103 pH-
meter. Sample concentrations were of the order of
107> moldm . Given the low concentration and low
ionic strength of the solutions, the activity coefficient
ratio of the acid—base couples was considered to be one.

Deuterated methanol from Cortec was used, without
further purification, for NMR analysis. NMR spectra
were recorded on a Bruker Avance DRX 400 spectrom-
eter equipped with QNP probe with z-gradient coil.
Gradient pulses were generated by using the GREAT
1/10 gradient unit. Sample temperature was controlled
using the BVT 3000 variable temperature unit equipped
with digital control. All the spectra were processed using
XwinNMR 3.2 Bruker software.

'H, *C{'H}, >C ATP (attached proton test), 'H COSY
(COrrelation SpectroscopY), '"H NOESY (Nuclear Over-
hauser Effect SpectroscopY), 'H, '*C HMQC (Hetero-
nuclear Multiple Quantum Coherence), and 'H,
'13C HMBC (Heteronuclear Multiple Bond Correlation)
[13] spectra were recorded in CD3;OD at 298 K. Sample
temperature was measured using a 4% CH3;OH in CD;0D
standard tube. Spectra are reported in 6 scale (ppm)
downfield with respect to TMS and referenced to the
residual solvent signals (3.31 ppm for 'H and 49.0 ppm
for '*C). Coupling constants (J) are given in Hertz; the
following abbreviations are used: s = singlet,d = doublet,
dd = doublet of doublet, ddd = doublet of doublet of
doublet, t = triplet, q¢ = quartet, m = multiplet. NMR
data for 2-O-quercetil-5-O-B-pyranosyl-L-rhamnoside
(quercitrin): (see Scheme 1 for numeration) '"H NMR:
0=734 (d, *Jyy = 2.1, H5), 7.30 (dd, *Juy = 8.3,
T = 2.1, H3), 690 (d, *Juu = 8.3, H2), 6.39 (d,

Scheme 1.
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Uaun = 2.1, HI12), 621 (d, “Jyu =2.1, HI4), 539
(d, *Juu = 1.7, H6u), 4.50 (d, *Juy = 7.9, H7,), 4.24
(dd, *Jy = 3.3, *Jyn = 1.7, H6p), 3.98 (dd, *Jyn = 9.4,
3Jau = 3.3, H6c), 3.81 (dd, *Jyy = 11.9, *Jyy = 2.1,
H7p), 3.66 (dd, *Jyy = 11.9, *Jyy = 5.0, H7p»), 3.54
(pseudo t, *Jyy = 9.5, H6p), 3.41 (dd, *Juuy = 9.5,
3Jau = 6.2, H6g), 3.37 (pseudo t, *Jun = 8.7, H1¢), 3.31
(m, H7p, buried under residual solvent signal), 3.25 (ddd,
3Jau = 9.1, *Jyun = 5.0, 3Jyn = 2.2, H7g), 3.19 (dd,
3T = 9.0, *Jyn = 7.9, H7) 1.01 (d, *Jyn = 6.2, H6R).
BC{'H} NMR: 6 = 179.6 (s, C=0), 165.9 (s, C13), 163.2
(s, C15),159.4 (s, C7), 158.5 (s, C11), 149.8 (s, C1), 146.4 (s,
C4),135.9 (s, C8), 122.9 (s, C6), 122.7 (s, C3), 117.0 (s, C5),
116.4 (s, C2), 105.9 (s, C10), 105.3 (s, C7A), 103.0 (s, C64),
99.8 (s, C14),94.7 (s, C12), 82.8 (s, C6p), 78.2 (s, C7¢), 77.9
(s, C7g), 75.9 (s, C7p), 72.0 (s, C6¢), 71.7 (s, C6p), 71.4 (s,
C7p), 70.5 (s, C6p), 62.6 (s, CH,), 17.9 (s, C6p).

3. Results and discussion
3.1. Separation and identification of quercitrin

Rhamno berries were ground in a mortar and the
paste obtained was extracted with boiling water, as
reported in an ancient recipe for the lake preparation
[2]. The solution obtained was analyzed by HPLC. The
chromatogram is shown in Fig. 1.

The compound corresponding to the main colored
specie was isolated and its structure, shown in Scheme 1,
was determined by NMR. (Numbering of C atoms in
the flavone moiety is not that conventionally used but
represent the NMR assignment.)

The 'H NMR spectrum consists of 18 signals, only
one of these integrating for three protons, while there
are 27 resonances in the '>*C NMR spectrum. '*C ATP
NMR experiment revealed that 11 resonances are due to
quaternary or secondary carbons, while the remaining
16 resonances correspond to primary or tertiary carbon
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Fig. 1. HPLC chromatogram of the water extract from rhamno berries.
Inset: absorption spectrum corresponding to the main peak (querci-
trin).

atoms. The peak assignment starts from the observation
that of the 11 '»C resonances corresponding to
quaternary or secondary carbons, only the one at
62.6 ppm shows heteronuclear single-bond correlation
('H, "*C HMQC spectrum) with the two proton
resonances at 3.81 and 3.66 ppm; these resonances are
assigned to C7g, H7¢ and H7g~, respectively. Starting
from H7g and H7g~, and following scalar interactions
("H COSY, Fig. 2), proton resonances H7,—H7g can be
straightforwardly assigned; 3J coupling constant values
and dipolar interaction of H7, with both H7g and H7¢
in the '"H NOESY spectrum are consistent with the
proposed glucopyranosyl structure of the 7,—7f ring.
Observation of a strong 'H NOESY cross peak between
H74 and the signal at 3.54 ppm allowed proton H6p to
be identified (Fig. 3A); as before, °J coupling constant
values, '"H COSY (Fig. 2) and '"H NOESY were used
for the assignment of the stereochemistry of protons
H6,—H6c, H6g and H6y, which is consistent with the
proposed rhamnopyranosil structure of the 6,—6 ring.
With proton assignment in hand, the corresponding
carbon resonances of the diglucoside moiety can be
straightforwardly recognized from the 'H, '*C HMQC
spectrum. Two pieces of experimental evidence support
the connection between the disaccharide fragment and
the chromophore to be at C8 position. First, a long-
range scalar interaction ('H, '*C HMBC spectrum,
Fig. 4) is observed between H6, and the carbon
resonance at 135.9 ppm; lack of other multiple bond
C—H correlations for this resonance is in agreement
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Fig. 2. Section of the "H COSY spectrum of the main product obtained
by HPLC separation (CD;0D, 298 K). Scalar connectivities inside the
6,—6F and 75—7f pyranosil rings are evidenced. For the sake of
clarity, the H6g—H6g connection is not included in this section.
Symbols * and B mark signals due to CD,HOH and CH;OH,
respectively.
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Fig. 3. Two sections of the "H NOESY spectrum of the main product obtained by HPLC separation (CD;0D, 298 K, 7,, = 800 ms), showing (A) the
dipolar interaction between H6p and H74, and (B) the cross peaks between H6c and H6g with both H5 and H3. Arrows in the molecular sketch
indicate relevant NOE interactions not included in these sections. Symbols * and M mark signals due to CD,HOH and CH;OH, respectively.
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Fig. 4. Section of the 'H, '3C HMBC spectrum of the main product

obtained by HPLC separation (CD;OD, 298 K), showing, in
particular, the long-range correlation between H6, and C8.
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with its assignment to C8. Second, weak, but detectable,
"H NOESY cross peaks are present between H6g and
Ho6c with the two aromatic signal at 7.34 and 7.30 ppm
(Fig. 3B) that are assigned to H5 and H3, respectively.
Proton and carbon resonances of the C1—C6 phenyl
ring are finally recognized by crossing the information
coming from "H COSY, 'H, "*C HMQC and '*C HMBC
experiments, while 'H, '*C HMBC spectrum allows C7
resonance at 159.4 to be identified. Spectral pattern of
the remaining aromatic 'H resonances at 6.39 and
6.21 ppm are consistent with a phenyl ring having two
CH groups in meta relative position. Two additional
evidences support the positioning of this CH groups
in 12 and 14 positions; first, there are two carbon
resonances at 165.9 and 105.9 ppm showing similar
long-range correlation with both H12 and H14; second,
the carbon resonance at 179.6 ppm that falls in the
expected region of carbonyl groups, does not show any
long-range scalar interactions with any proton resonan-
ces. Unambiguous assignment of HI12 and H14 as well
as C10—CI15 is achieved by simulation (ACD/NMR
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Fig. 5. Absorption (1) and emission (2) spectra of quercitrin in
methanol.

Predictor software by Advanced Chemistry Develop-
ment Inc.) of proton and carbon spectra of the proposed
aromatic fragment in which the glucoside moiety has
been replaced by an OCHj; group.

3.2. Spectral characterization

Absorption and emission spectra of quercitrin in
methanol are shown in Fig. 5. The absorption spectrum
(Amax = 256 and 350 nm) is characteristic of flavonoids
and the emission spectrum (A,.x = 425 nm) is attributed
to quercitrin, also based on the good overlap of the
absorption and emission excitation spectra. The emis-
sion from quercitrin is assigned as fluorescence on the
basis of its location, its spectral distribution which
mirrors the absorption and its measured lifetime. Due
to the low emission quantum yield (2 X 107%) the
measured lifetime of 0.7 ns has a large uncertainty.

3.3. Acid—base properties

Four distinct species were detected from both the
absorption and emission (quercitrin shows fluorescence
over the whole pH range) spectral changes in the pH range
explored (pH 2—12). In Table 1, absorption and emission
maxima, Stokes shift and frequency of the 0—O0 transition
are shown. The Stokes shifts, determined from the energy

Table 1
Absorption and emission spectral properties of quercitrin as a function
of pH

pH Absorption  Fluorescence vy_¢ Av (cm™h)
Amax (nm) Amax (nm) (em™")  Stoke-shift

3.21 (neutral) 343 437 26670 6270

9.21 (monoanion) 379 459 24270 4600

10.25 (dianion) 383 457 24040 4230

12.70 (trianion) 386 417 24940 1920
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Fig. 6. Spectrophotometric (squares, monitored at 386 nm) and
fluorimetric (circles, monitored at 460 nm) titration curves for
quercitrin.

difference between the lowest energy absorption and the
highest energy emission maxima of each species, decrease
as the negative charge of the anions increases. This
indicates a decrease in the stabilization energy of the
excited state when the negative charge increases.

In Fig. 6, absorbance and fluorescence signals at
constant wavelength are plotted as a function of the pH.
Both trends show similar inflection points, indicating
that fluorescence emission is faster than acid—base
equilibration in the excited state [14], as previously
found for similar molecules [9]. The estimated pKs,
which are reported in Table 2, are affected by great
uncertainties, due to proximity of the pHs at which the
equilibrations occur. The excited state pKs™, calculated
using the thermodynamic Fo&ster cycle [15], are also
reported. The frequency differences between 0 and
0 levels, needed to calculate the pK * were obtained
from the intersections of the normalized absorption and
emission spectra. The significant increase in acidity of
the neutral form in the excited state (ApK ~ 5) is in
accord with results obtained for similar molecules
[9,10,16]. A tentative proposal for the deprotonation
steps is shown in Scheme 2.

The first deprotonation is localized on the 7-OH
which is the most acidic site. The following acid—base
equilibration involves the 3’- or 4’-OH, due to their long
distance from the negative charge. 5-OH is probably the

Table 2
Dissociation constants of quercitrin in the ground and excited states
and relative variation

pK ApK"< pK*
pkK; 7.5 —4.9 2.6
pK> 10 —0.5 9.5
pK; >12 +1.8 >13.8
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Scheme 2.

last one due to its partial hydrogen-bond with the
carbonyl group.

4. Conclusions

The results of this work show how advanced
NMR techniques, such as '"H NOESY, 'H COSY, 'H,
13C HMQC and 'H, '*C HMBC, are powerful tools for
identifying the complex chemical structure of naturally
occurring dyes. The spectral properties, here determined
for quercitrin, are diagnostic means for identifying the
dye present in an artwork, especially as they can be used
in a portable set-up for in situ non-invasive measure-
ments.

The study of the pH effect on absorption and
emission spectra allowed the ground and excited state
pKs to be estimated. Four different forms, stable in
certain pH intervals, were spectrally characterized. This
provides a valuable analytical tool for investigating
interactions involving hydrogen transfer processes be-
tween the dye and its chemical environment.
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